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INTRODUCTION

Hemorrhagic shock from trauma or other causes continues to be a major cause of morbidity and
mortality, and despite extensive research, the mechanisms of tissue damage remain poorly
characterized. The mainstay of treatment is rapid cessation of hemorrhage and restoration of an
adequate circulating blood volume with whole blood, colloid and/or crystalloid solutions. Despite
these measures, many individuals will eventually succumb in a downward spiral of metabolic,
neuroendocrine, and cardiovascular responses (1-3).

Substantial evidence has recently been advan;:ed that supports the concept of "reperfusion injury”
following an ischemic insult (4-6). According to this theory, during the period of reperfusion,
additional tissue injury occurs mediated primarily by oxygen-derived free radicals (superoxide and
hydroxyl radicals). The best documented source of oxygen derived free radicals is the enzyme
xanthine oxidase (7); the formation of which from the enzyme xanthine dehydrogenase is known to
occur in certain tissues during the period of ischemia (8). With restoration of normal microcir-
culatory flow and supply of molecular oxygen, superoxide radical is generated in great quantity. In
some models, natural antioxidant enzyme activities are reduced during the period of ischemia, further
contributing to reperfusion injury (8).

Most of the work done in this area has been with tissue or isolated organ preparations. Because
severe hemorrhagic shock represents "total body ischemia”, then fluid resuscitation for hemorrhagic
shock could be analogous to "reperfusion injury” mediated by oxygen-derived free radicals. This
paper presents data on the antioxidant enzyme systems superoxide dismutase and catalase in a whole

animal model of severe hemorrhagic shock and resuscitation.

METHODS
Mature male New Zealand white rabbits were anesthetized with pentobarbital sodium (50 mg/kg
i.v.) and then supplemented as necessary throughout the experiment. A tracheostomy was performed
immediately and mechanical ventilation was instituted. The animals were kept on a warming blanket
and heating lamps were used to maintain a normal rectal temperature (recorded continuously).

Continuous ECG monitoring was done throughout the experiment. A femoral cutdown was then
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performed for the introduction of catheters into the descending aorta and inferior vena cava via the
femoral artery and vein. The chest was opened in the midline so that catheters could be placed

directly into the left and right atria, left ventricle, and main pulmonary artery (via a puncture in the

right ventricular outflow tract). An ultrasonic flow probe (Transonics Systems) was fitted onto the
ascending aorta. These surgical procedures required 30 to 40 minutes to complete. This preparation
allowed for continuous monritoring of heart rate and pressures in the descending aorta, atria, main
pulmonary artery, and left ventricle. Ascending aortic flow was monitored continuously and was
used to determine stroke volume and cardiac ou£put. The maximum rate of left ventricular pressure
development (LV dP/dt) was derived from the left ventricular pressure curve. Systemic and
pulmonary vascular resistances were calculated from the pressure and flow data. Arterial blood gas
measurements were determined every 20 to 30 minutes, and the ventilator rate/volume was adjusted
to maintain a normal pCO,. The animals were ventilated with room air only (no supplemental
oxygen).

Following surgical instrumentation, the animals were allowed to stabilize for 30 minutes. Control
hemodynamic parameters and blood gases were recorded at the end of this 30 minute period. The
groups and experimental protocol are described in Table I. The first and second experimental groups
had blood withdrawn (into a warmed reservoir that contained 100 U/kg of heparin) to reduce the
mean arterial pressure to 35 mmHg initiaily. Additional blood was not withdrawn during the shock
period and the intrinsic physiologic compensatory mechanisms were allowed to attempt to compensate
for this acute blood loss. One experimental group was maintained for 30 minutes (30 min shock
group) and another for 60 minutes (60 min shock group) prior to retransfusion. Hemodynamic
parameters and blood gases were again recorded at the end of these "shock” periods. These two
experimental groups were then resuscitated from hemokrhagic shock by reinfusing (over 2 to 3
minutes) the warmed autologous shed blood. Following an additional 30 minute period (resuscitation
period), hemodynamic parameters and arterial blood gases were recorded and the animals were
sacrificed bv an overdose of pentobarbital. Two control groups underwent identical surgical
preparation and the 30 minute stabilization period, but were not bied or resuscitated. The first

control group was time-matched to correspond to the 30 minute shock experimental group; the
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second control group was time-matched to correspond to the 60 minute shock experimental group.

Organ samples were taken immediately after the animal was sacrificed. Tissues sampled included
the heart (ventricular myocardium), lung, liver, small intestine, large intestine, skeletal muscle, brain,
and blood. These tissues were placed in vials and kept on ice. One gram of each tissue was
homogenized in 10 ml of ice cold buffer at pH 7.8. The homogenization buffer contained 50 mM
potassium phosphate and 0.1 mM EDTA. A Polytron set at position 5 was used to homogenize the
tissue for 3 thirty second bursts. The homogenate was then centrifuged at 14,000 X g for 15 minutes
at 4°C. The pellet was discarded and a sample of: the supernatant was used for the assays. Blood (10
ml) was centrifuged and an aliquot of plasma was used for the assay.

uperoxide dismutase assa

This assay was performed using a cocktail (pH 7.8) consisting of S0mM potassium phosphate
with 5 x 10°° M xanthine, 10° M cytochrome-~c, and 0.1 mM EDTA. Purified bovine xanthine
oxidase was used to generate superoxide anion. The total assay volume was 2 ml. Tissue samples
were assayed for ability to inhibit the superoxide-induced reduction of cytochrome-¢ (monitored
spectrophotometrically at 550 nm). SOD activity was calculated based on the definition that one
unit of activity results in a 50% inhibition of cytochrome-c reduction under these conditions.

talase assa

Tissues were prepared in the manner described above. The buffer contained 50 mM potassium
phosphate and 2 x 102 M hydrogen peroxide (pH 7.0). Known volumes of tissue sample supernatant
were added to 1 ml of this hydrogen peroxide solution and absorbance was monitored at 240 nm.

Catalase activity was determined by measuring the rate of decomposition of hydrogen peroxide.

RESULTS
Hemodvnamic data '
The hemodynamic data are presented in Figures 1 through 8. Results are presented as the mean
+ 1 5.D. Because both control groups were treated identically (one group was followed for 90 minutes
following surgery and the other for 120 minutes), the control data were combined. There was a total

of 7 control animals; 4 in the 30 minute time-matched control group and 3 in the 60 minute time-
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matched control group. The 30 minute shock group contains 3 animals and the 60 minute shock
group contains 5 animals.

Figure 1 illustrates the effect of hemorrhagic shock on arterial pH. There appears to be a
significant drop in both the 30 min and 60 min experimental groups as compared to control. The pH
in the 30 minute shock group continues to fall after resuscitation, while it appears to stabilize or
improve slightly in the 60 minute shock group. Figure 2 shows that the heart rate for animals in the
30 minute shock group generally increased or remained the same as controls, but in the 60 minute
shock group the rate appears to fall initially an& gradually rises during the later half of shock and
30 minutes into resuscitation.

Mean aortic blood pressure, as shown in Figure 3, demonstrated a marked reduction in Loth
experimental groups, as expected from the experimental design. Mean pulmonary artery pressure
(fig 4) dropped slightly in both experimental groups during shock. Figure 5 shows that cardiac
output was reduced in the 60 minute shock group but not in the 30 minute shock group. The
reason(s) for this discrepancy between experimental groups is not clear at the present time because
both experimental groups were to be treated similarly through the first 30 minutes of shock. The
drop in cardiac output in the 60 minute shock group was due to both a reduction in heart rate (Figure
2) and stroke volume. Left ventricular dP/dt (Figure 6) decreased in both shock groups and
recovered during resuscitation. The fall in systemic vascular resistance (Figure 7) in the 30 minute
shock group is attributed to the lack of decrease in cardiac sutput during the shock period. Systemic
vascular resistance did not appear to change significantly in the 60 minute shock group. Pulmonary
vascular resistance (Figure 8) increased slightly during the initial phase of shock in the 60 minute
shock group, followed by a subsequent decline toward baseline.

Superoxide dismutase

Table 2 summarizes the resuits obtained for each group. Figures9 - 11 graphically illustrate that
SOD activity in the liver, small intestine, and large intestine was slightly reduced or unchanged in
the shocked experimental groups as compared to control values. However, SOD activity in the plasma
(Figure 12) was significantly reduced in the 30 minute shock group and SOD activity could not be

detected in plasma from animals in the 60 minute shock group.




Catalase

Figures 13 - 20 demonstrate that catalase activity increased in all tissues during hemorrhagic
shock compared to the control group. These responses appeared to be related to the duration of
shock, in that there was consistently an additional increase in catalase activity in the 60 minute shock
group compared to the 30 minute shock group. The tissues with the highest enzyme activity include

the heart, lung, liver, and small intestine.

CONCLUSIONS

Previous studies have provided indirect evidence to support the hypothesis that resuscitation from
hemorrhagic shock results in substantial reperfusion injury due to cytotoxic oxygen-derived free
radicals. Crowell (9), using a canine model of hemorrhagic shock, showed an improved overall
survival rate in dogs that received allopurinol (an inhibitor of xanthine oxidase). Another canine
model of hemorrhagic shock evaluated the effect of intravenous superoxide dismutase (10). In that
study, transient improvement was noted, but overall survival was not affected. However, the
administration of SOD in this experiment was brief and exogenously administered SOD is known to
have a short half-life in the piasma.

Our study employed a rabbit model of hemorrhagic shock to characterize tissue activities of two
critically important endogenous antioxidant enzymes: superoxide dismutase and catalase. Using this
model, the 60 minute shock group experienced more severe hemorrhagic shock based upon the
hemodynamic and pH data shown. In this group, SOD activity in the liver, small intestine, and large
intestine (organs which are rich sources of xanthine oxidase) remained essentially unchanged
compared to the control group. However, the activity of SOD in the plasma was markedly reduced.
The importance of diminished SOD activity in the plasma following hemorrhagic shock and
resuscitation remains to be defined. In contfast, catalase activity appears to be induced during shock
and resuscitation. This effect was time dependent and was observed in the plasma and in every
organ sampled. The mechanism(s) to account for this increase in catalase activity are unclear at

present. However, a recent study of heat-shocked rat hearts subjected to ischemia and reperfusion




suggested that catalase activity was induced in the myocardium follovying this form of stress/injury
(11). Conceivably, stress from hemorrhagic shock results in a giobal induction of catalase activity.

In summary, our results provide characterization of the hemodynamic responses to acute blood
withdrawal in the rabbit. These studies indicate that the rabbit appears to be a useful and suitable
model to study various aspects of hemorrhagic shock. Furthermore, preliminary data suggest that
SOD activity declines in the plasma after resuscitation from hemorrhagic shock. Tissue SOD activity
remains essentially unchanged. Catalase activity appears to be induced by shock/retransfusion and
activity increases in virtually every tissue exahﬁned. These observations may have important

implications in the design of therapeutic strategies for the management of hemorrhagic shock.
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